This paper presents results of our own velocity field measurements in a straight
Introduction
Turbulent swirling flows were investigated by numerous researchers in the past decades. The first experimental results were presented in [1] [2] [3] [4] . These papers analyze the pressure and the mean velocity distributions, as well as the diameter of the vortex core (the so-called dead water region) [5] .
The turbulent structure of swirling turbulent flows in long straight pipes was investigated for different combinations of parameters, such as various levels of swirl intensity, Reynolds numbers, pipe diameter, swirl generator, pipe roughness and the initial velocity profiles in [6] [7] [8] [9] [10] [11] [12] [13] [14] .
A mathematical description of turbulent swirling flow in circular pipe is given in papers [15] [16] [17] [18] [19] [20] [21] [22] . Calculations of turbulent shear stresses and turbulent viscosity based on the measured time averaged velocities and pressure from point to point in a single cross section of a pipe are given in [23] [24] [25] [26] [27] .
The results of Reynolds stresses measurements in turbulent swirling flows in a pipe are presented in [28] [29] [30] [31] [32] [33] [34] [35] .
This paper discusses the results of the measurements obtained using a unique measurement calibration technique. An added value to the swirling flow family of data are the measurements obtained in the viscous sublayer achieved by the small size hot-wire specifically designed for this experiment. 
Experimental equipment and methods
The experimental rig, the measuring and the calibration equipment are presented in great detail in [35, 36] . The layout of the experimental rig is shown in fig. 1 . The main components are the pipe and the axial fan that is mounted at the pipe's inlet. The axial fan represents a swirl generator. The inner diameter of the pipe is 398 mm D  while the test section is located at the distance of 17.5 x D  from the pipe's inlet.
Internal statistically steady flow field in the cylindrical geometry of the pipe was investigated, so the cylindrical coordinate system ( x, r,  ) is used and , u v   and w  are defined as instantaneous axial, radial and circumferential velocity components respectively. The coor-dinate system and velocity components are shown in fig. 2 .
In order to measure all three components of instantaneous velocity, an in-house hotwire probe was designed and built to measure all three velocity components of the instantaneous velocity. Previous research of turbulent swirling flow in pipes has shown that the radial velocity component is much smaller than the components in axial and circumferential directions, [26, 27, 31, 33, 37] . This finding provided a rationale for using a hot-wire probe with two sensors instead of three. In order to achieve higher measurement accuracy, a V-type probe is selected for the flow field under investigation as the velocity field is nearly homogeneous in the measuring volume of this probe type, [36] . On the other hand, the usage of an X-wire probe is not considered appropriate due to the significant mean velocity gradients in the radial direction of the flow (perpendicular to the pipe wall), [33] .
The hot-wire probe used for measurements in this research, designated as VP-2vs, is unique. The sketch of the probe is shown in fig. 3 . The probe sensors are made of Tungsten wire 2.5 μm in diameter and the length of 0.7 mm. The present V-wires probe is sufficiently 
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long in terms of the wire diameter ( 280) l d  to minimize the end conduction effects resulting in an approximately uniform temperature distribution along the wire [33] . The sensors are welded to the tips of the tiny prongs made of stainless steel. The calibration procedure and conditions are described in details in [36] .
The prongs are 0.4 mm in diameter, while they are tapered to 75 μm at the tip. The sensor prongs have the size and shape which enables measurements in vicinity of the pipe wall, i. e. in the viscous sublayer, [35, 36, 38] .
The probe also has a fifth, slightly shorter prong. It is curved at the end, so it forms a kind of short pin. This pin is perpendicular to the plane of the sensor and is used for controlling the distance from the wall as it approaches it during measurements. When the probe approaches the pipe wall, the pin is the first part of the probes which makes contact with the wall. On the other hand, a piece of thin metal foil 0.03 mm in thickness is glued to the pipe wall. This metal foil and the fifth prong are connected to the DC circuit. When the pin touches the metal foil, the electrical circuit is closed and the LED diode turns on. At that moment, the sensors are located at a distance of 0.8 mm from the wall. In this way, the precise and repeat-able relative positioning between the probe and the pipe wall is secured.
Axisymmetry of the flow is determined by the series of previous measurements. The symmetry of the flow about the pipe axis is established for 17.5, x D  hence all measurements were performed for the constant azimuth angle for the given location. The measuring points (total of 25) are specified in tab. 1 in a form of dimensionless coordinate r R and corresponding distance, y [mm], from the wall. It should be noted that the four measuring points are located at a distance less than 1 mm from the pipe wall for a pipe 398 mm D  in diameter where the nearest measuring point from the wall is 0 4 mm. y  . The smallest distance quoted in reference [33] was 2 mm from the pipe wall for a pipe 150 mm D  , which is greater distance in absolute and relative values in respect to these measurements.
While measurements are taken, the sensors of the VP-2vs probe are positioned in the tangential plane of the pipe. In addition, the radial component of velocity has to be very small in comparison to the other two components. As the probe approaches the pipe axis, the accuracy of the probe positioning becomes smaller. Also, in the area near the pipe axis the relative influence of the radial velocity, no matter how small it is, on voltage signals of the sensors is significant. Control measurements enabled us to choose a measuring point closest to the axis with appropriate measuring accuracy.
However, this probe showed significant advantages in measurements of turbulent swirl flow field near the pipe wall. It is well known that the wall region even for the simplest turbulent flows has a very complex structure. This complex structure is investigated in this 
while the swirl intensity  and the swirl number Ω in the measuring section were:  is the pipe radius. The hot wire calibration and measurement procedures are given in [36] in great detail. The basic analysis of measurement signal is based on the algorithm given in [39] , which is implemented in C code. Further statistical analysis is presented in this paper.
It is also worth noting that changes of the integral and the local characteristics of turbulent swirling flows are much more evident in the radial than in the axial direction. Studies by many authors [28, 29, 31, 33, 35] pointed out the similarity of statistical parameters distributions of turbulence in different cross-sections of the pipe. Therefore, this comprehensive set of measurements in the characteristic measuring section 17 5 x D  . , is a significant supplement to the database obtained by other authors. . In this investigation the sampling frequency of 20 kHz s f  was chosen, which is much larger than the minimal required frequency [35] .
Statistical analysis of measured velocity field
The first phase of statistical analysis of digital signals is completed after successful measurements with previously calibrated VP-2vs probe. In this phase, a 2-D array ( , n n u w   ) of length N, is obtained from the voltage samples. Quantities u  and w  are axial and circumferential components of instantaneous velocity acquired at a single measurement point, i. e. very small volume.
After the first phase is completed, a more detailed statistical analysis on the same data set of discrete random variables and n n u w   is performed. At the beginning of the second phase, the mean velocities U and W are calculated as follows:
Further calculations are performed on velocity fluctuations, with the samples of velocity fluctuations being calculated as follows: n n u u U    and .
n n w w W    The k-th empirical central moment k u is calculated using the formula:
In the statistical theory of turbulence, besides central moments, mixed moments or correlation central moments are important for analyzing turbulent transport of momentum and turbulent energy. The ( ) th k s  empirical mixed moment of fluctuations u and w is calculated as follows: 
Experimental results and analysis
Measurement results of a velocity field in turbulent swirling flow with classical probes are shown in paper [37] . These results are limited only to profiles of mean velocities because classical probes are large relative to the characteristic length scales in the flow. The hot wire probe VP-2vs is very sensitive and is used for measurement of instantaneous velocity field. In this paper, besides profiles of axial and circumferential velocity components, profiles of central and mixed moments of second and third order are presented. These statistical quantities are very important in modeling of turbulent swirl flow field. An application within the Matlab software was developed to perform the data processing including the calculation of various statistical quantities.
Profiles of axial and circumferential velocities and turbulence intensity
Measured radial profiles of the mean axial and mean circumferential velocities U and W are shown in figs. 4 and 5. The flow parameters are carefully chosen in order to obtain a velocity field that is characteristic for turbulent swirling flow. The presence of the recirculation flow area near the pipe axis is observed, while the profile of circumferential velocity has two maximums.
The flow field can be roughly divided into four areas, each of them having characteristic statistical properties and turbulence structures. In the vicinity of the pipe axis is the core area, where the mean circumferential velocity has the forced vortex distribution W r  . In the core area the recirculation flow can exist, but that is not the rule. In the core area the existence of recirculation flow was confirmed in many experimental investigations of turbulent swirling flows for certain conditions [6, 14, 26, 32, 33, 41] . For the flow parameter values defined by eqs. (1) and (2) in this study, the recirculation flow region was observed in the core area of the measurement section, and is clearly visible in fig. 4 . Development and decay conditions of the recirculating region of swirling flows are still not sufficiently explained, especially not theoretically. However, it is clear that this phenomenon is directly related to the existence of the circumferential velocity and its profile and to the swirl intensity, defined by eq. (2), expressed by the parameter Ω or  . This relationship can be confirmed by analyzing Reynolds equation in the radial direction r, fig. 9 . Taking this into account, the expression for the pressure distribution in the radial direction is expressed as follows:
where w P represents the wall pressure. Based on the measurement results given in [26] eq. (7), and the Reynolds equation in the axial x-direction, it is obvious that the presence of circumferential velocity W has a great influence on the pressure distribution in the radial and the axial direction. The flow in the core area has the adverse streamwise pressure gradient ( 0 x P   ) and when combined with the pressure distribution in the radial direction produces the inner recirculation in the flow field. In that process an additional radial transfer of axial momentum is also present.
In this 3-D problem, the pressure field condition is only one necessary condition for occurrence of the recirculation flow. The swirl intensity is another important parameter for recirculation to take place. In the experimental investigation of turbulent swirling flow in a pipe presented in this paper, the swirl intensity had the value of 1.22   . For this value, the recirculating flow is observed as shown in fig. 4 . This is in good agreement with the results presented in [33] , which shows that for 0.4   the recirculation flow is present. In the shear layer region, which connects the core region and the region of main flow, the circumferential velocity has a maximum value. Other investigations showed that all profiles of the circumferential velocity in the development of swirling flow in the pipe can be described by the theoretical model of the Rankine vortex, i. e. the model of forced-free vortex. Hence, the profile of circumferential velocity shown in fig. 5 can be described by the following equation: 
C 
This also implies the existence of three shear layers located between areas of the free and the forced vortices. Two shear layers are in the regions where the profile of the circumferential velocity has the local maximums, while the third one is in the region of its local minimum.
In the wall region, the high gradients of the mean axial and the mean circumferential velocity are present, which produce a very complex structure of turbulence. This region is very important in the processes of turbulent transfer of mass, momentum and energy. In this paper, significant attention is dedicated to the investigations of statistical properties of the wall turbulence. The radial profiles of the mean axial and the mean circumferential velocity in the vicinity of the pipe wall are shown on the small diagrams in fig. 4 and fig. 5 . It can be seen that in the region   
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field i u occurs in this type of flow. This interaction is also clearly visible in the radial profiles of the mixed correlation moments of second ( ij Q ) and third order ( ijk Q ).
Moments of second and third order and mixed moments of second and third order
Radial profiles of second order central moments fig. 11 . Normalized correlation moments are calculated using formula given in eq. (6).
The correlation coefficient uw R , like the correlation moment uw , changes its sign and has the highest negative values in the shear layer region, while in the wall region it has the highest positive values, or local maximum. Gradients of the mean axial U and circumferential velocity W in the axial direction have a big influence on the radial distribution of the correlation coefficient uw R . This observation follows from analysis of the production terms P  in transport equations for turbulent stresses. These terms are as follows:
From previous analyses and eqs. (10)- (12), it can be concluded that the existence of the swirl has a significant influence on the second order correlation moments. Measurements show that these moments have significant changes in the radial direction, and they reach their It should be emphasized that the distribution of correlation coefficients ijr R is very significant for processes of turbulent transfer and modeling of turbulent swirling flows. For deeper insight into the turbulence structure, additional measurements and analysis of statistical moments of higher order are needed.
Conclusions
In this paper measurements of the velocity field in turbulent swirling flow in a straight, circular pipe are presented and analyzed. Mathematical interpretation and physical explanation of statistical parameters and turbulence structure in swirling flows are given. With these results it is possible to get significant insight in processes of turbulent transfer and obtain usable conclusions for modeling of turbulent swirling flows. Parameters of turbulent swirling flow investigated in this paper are carefully chosen, in order to get a characteristic flow field for this type of flow. In the region near the pipe axis (core region) recirculation flow exists, while the radial profile of circumferential velocity has two local maxima. Radial distributions of turbulence intensities in the axial and circumferential directions show a high level of anisotropy across the entire cross-section. A strong interaction between the mean and fluctuating velocity fields is also detected. The distribution of normal turbulent stresses is the result of turbulence production and turbulent diffusion from regions of high gradients of axial and circumferential velocity. The same behavior is observed in the distribution of turbulent shear stress.
Anisotropy of turbulence is also confirmed in the inhomogeneous distribution of third order mixed moments, which are related to the observed significant changes in the mean velocity field. Also, the convective transfer of kinetic energy of turbulence by fluctuation of the axial velocity in the circumferential direction is mainly in the positive direction of the xaxis. It is important to mention that four measuring points are at a distance less than 1 mm from the pipe wall. Thus, it can be said that unique results of measurements in a viscous layer are shown in this paper.
